D endritic cells (DCs) are professional APCs specialized for the initiation of immune responses and they provide the key link between the innate and adaptive immune systems. They are divided into two major subsets: conventional DCs (cDCs) and plasmacytoid DCs (pDCs). cDCs exist in two functionally and phenotypically distinct states: immature and mature. The immature cDCs are highly active at all forms of endocytosis; they express low levels of MHC class II (MHC-II) and costimulatory molecules such as CD40, CD80, and CD86 at the cell surface (1, 2) . Inflammatory stimuli such as exposure to pathogens trigger an irreversible DC maturation process that is accompanied by increased production of cytokines and expression of costimulatory molecules and MHC-II on the cell surface. DC maturation ensures effective induction of adaptive immune responses through presenting Ags by MHC molecules and providing costimulation to T cells (3) (4) (5) .
MHC-II expression in DCs is dynamically regulated by multiple mechanisms. Among those, CIITA is essential for MHC-II transcription by formation of a multiple component transcription activation complex (6) (7) (8) (9) (10) (11) . In immature cDCs, CIITA is actively transcribed, leading to high levels of MHC-II mRNA expression. However, immature DCs maintain low levels of MHC-II protein at the cell surface in the steady-state because of ubiquitination of the MHC-II b-chain, which leads to rapid internalization of the MHC-II protein to the endosomal compartment. Upon DC maturation after TLR stimulation, MHC-II ubiquitination is rapidly decreased (12) (13) (14) (15) , allowing translocation of MHC-II to the cell surface for Ag presentation. Concurrently, during DC maturation, CIITA is rapidly silenced at the transcription level (16) . The downregulation of CIITA ensures silencing of new MHC-II transcription in mature DCs (17) . Silencing of MHC-II gene in mature DCs has been proposed to allow temporal "fix" of microbial peptide-MHC-II complexes expressed on the DC surface to promote specific antimicrobial T cell responses. CIITA repression in mature DCs is known to involve changes in histone acetylation across the gene locus and specific binding of positive regulatory domain 1 (PRDM1) to the promoters (16, 17) . However, the mechanisms that trigger CIITA-MHC-II silencing during DC maturation is unknown. Recent studies have revealed that the mammalian target of rapamycin (mTOR), a serine-threonine kinase that acts as a central regulator for protein synthesis and cell growth, plays important roles in innate immunity (18) . mTOR forms two signaling complexes, mTOR complex 1 (mTORC1) and complex 2 (mTORC2), with distinct signaling properties. The mTORC1 consists of mTOR, raptor, and mLST8, whereas the mTORC2 contains mTOR, rictor, and mLST8. mTORC1 phosphorylates pS6K1 and 4E-BP1 to promote cell growth and proliferation, and is sensitive to rapamycin inhibition. mTORC2 phosphorylates Akt on S473, PKCa, and PKCu to regulate cell survival, actin polymerization, and Th2 immune response, respectively (19, 20) . Although studies of mTOR deficiency in the innate immune cells have not been reported, inhibition of mTORC1 by rapamycin can influence cytokine production after TLR stimulation (21, 22) . Furthermore, defects of effector molecules downstream of mTOR have profound impacts on innate immunity. Deficiency of pS6K1/2 substantially decreases TLR-or virus-induced IFN-a production by pDCs (23) . In contrast, deficiency of 4E-BP1/2, which suppress translation initiation, causes enhanced IFNa and IFNb production and resistance to viral infection in vitro and in vivo because of increased IRF-7 translation (24) .
The tuberous sclerosis complex 1 (TSC1) is a tumor suppressor that associates with TSC2 to form a heterodimer. TSC1 stabilizes TSC2 by preventing ubiquitin-mediated degradation (25) . TSC1/2 complex inhibits RheB, a small GTPase protein that promotes mTORC1 activation (26) . Although emerging evidence indicates that TSC1 is a critical regulator in multiple cell lineages within the immune system (27) (28) (29) (30) (31) (32) (33) (34) (35) , its role in DCs to control adaptive immune responses is unclear. In this study, we demonstrate that mTORC1 is critical for MHC-II silencing during DC maturation. TSC1 inhibits mTORC1 activation in DCs to ensure MHC-II expression on DCs, which is required for Ag presentation and CD4 T cell activation. We further reveal that TSC1 through mTORC1 promotes expression of IRF4, which directly binds to the CIITA promoters in DCs, resulting in CIITA induction and subsequent MHC-II expression.
Materials and Methods
Mice and reagents TSC1 f/f -ERCre mice were previously described (31, 36, 37) . CD11cCre mice were purchased from The Jackson Laboratory (38) . Mice were i.p. injected with 200 ml of 10 mg/ml tamoxifen on days 1, 2, and 5, followed by bone marrow (BM) harvesting on day 8. OTII TCR transgenic mice and C57BL/6 mice were purchased from The Jackson Laboratory. All animals were housed in specific pathogen-free conditions. Experiments described were approved by the Institutional Animal Care and Use Committee of Duke University. LPSs from Escherichia coli 0127:B8, rapamycin, and GM-CSF were purchased from Sigma-Aldrich (St. Louis, MO), EMD Biosciences (San Diego, CA), and PeproTech (Rocky Hill, NJ), respectively.
Generation of BM-derived DCs
BM cells from femurs and tibias were flushed and plated into Petri dishes containing RPMI 1640 supplemented with 10% FBS, 10 mM HEPES pH 7.0, 100 U/ml penicillin, 1000 U/ml streptomycin, 20 mM L-glutamine, and 20 ng/ml GM-CSF. After 3 d of culture at 37˚C in CO 2 incubator, half of the medium was replaced by fresh medium with 40 ng/ml GM-CSF. CD11C + cDCs were purified with the Mouse CD11c Positive Selection Kit (STEM-CELL Technologies, Vancouver, BC, Canada) on days 7-9 according to the manufacturer's protocol. The purity of CD11c + cDC was usually .90%.
Flow cytometry
Cells were stained in PBS containing 2% FBS at 4˚C. Abs included FITCconjugated anti-CD11c and -CD4; PE-conjugated anti-CD69; allophycocyaninconjugated anti-CD25, -CD11c, and -CD80; PE/Cy5-conjugated anti-CD86; PE/Cy7-conjugated anti-IA/IE (MHC-II); and biotin-conjugated anti-MHC-I. Stained samples were collected using a FACSCanto II Flow Cytometer (BD Bioscience, San Jose, CA), and data were analyzed using FlowJo software version 9.0. Intracellular staining was performed using BD Cytofix/Cytoperm Kit.
In vitro and in vivo DC-mediated T cell activation
For in vitro T cell proliferation, 2 3 10 5 TSC1 knockout (KO) and wildtype (WT) BM-derived DCs (BMDCs) per well/48-well plate were treated with LPS at 100 ng/ml or LPS plus OVA peptides 323-339 (OVA 323-339 , 2 mg/ml) or OVA 257-264 (SIINFEKL, 2 mg/ml) overnight. T cells were purified from OTII TCR or OTI TCR transgenic mice using the negative selection LD column (Miltenyi Biotec, Germany) and labeled with CFSE (Molecular Probes, Eugene, OR) using a previously described protocol (39) . A total of 4 3 10 5 CFSE-labeled OTII or OTI T cells were added into each well containing OVA 323-339 -or OVA 257-264 -treated TSC1KO and WT BMDCs, and then cocultured for 24 or 72 h. After 24 and 72 h, T cells were harvested and stained with the indicated Abs to assess upregulation of activation markers and proliferation, respectively, using flow cytometry. For in vivo T cell activation, 1. 
ELISA
Right after 200,000 purified CD11c + BMDCs were plated into each well of 24-well plates (Becton Dickinson Labware, Franklin Lakes, NJ), both TSC1 WT and KO BMDCs were treated with LPS at 10 ng/ml for 0, 3, 6, and 9 h. The culture supernatants were harvested to detect TNF-a, IL12p40, and IL-6 cytokine levels determined using commercial ELISA kit (BioLegend, San Diego, CA) according to the manufacturer's instruction. The cells were used to isolate total RNA isolation for quantitative RT-PCR (qRT-PCR).
qRT-PCR
The total RNA isolation, reverse transcription, and qRT-PCR were performed as previously described (31) . 
Western blot assay
BMDCs, seeded in six-well plates in medium containing 5 ng/ml GM-CSF overnight, were rested in serum-free medium without GM-CSF for 5-6 h and then treated with LPS (10 ng/ml) for 0, 15, 30, and 45 min. Cells were washed once in cold PBS and lysed in 1% Triton X-100 lysis buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris, pH 7.4, 1 mM EDTA) with protease and phosphatase inhibitor cocktails (Sigma). Cell lysates were subjected to immunoblotting analysis as previously described (40) . Rabbit anti-TSC1, -TSC2, and -IRF8 were obtained from Cell Signaling Technology. Anti-CIITA and goat anti-IRF4 Abs were from Abcam (Cambridge, MA) and Santa Cruz Biotechnology, respectively.
Retroviral transduction
pcDNA3-myc-CIITA, pcDNA3-cFlag-RelB, short hairpin RNA (shRNA) for Raptor, and shRNA control were purchased from Addgene (Cambridge, MA). Both CIITA and RelB cDNA fragments were cloned into the MIGR1 retroviral vector to generate MIGR-CIITA and MIGR-RelB. IRF4 was a gift from Dr. Kovats (Oklahoma Medical Research Foundation). Retroviruses were generated using the Phoenix-Eco package cell line using the calciummediated transfection method. For infection, 2 3 10 5 BMDCs in 1 ml culture medium on day 4 were mixed with 0.5 ml viral supernatant in a sixwell plate along with 5 mg/ml Polybrene. Cells were centrifuged at 2500 3 g for 1.5 h at room temperature. Medium was changed with fresh DC culture medium 7 h postinfection. Infected cells were used for experiments 48 h postinfection. For some experiments indicated in the figures, GFP + cells were sorted for isolating total RNA. For shRNA studies, 24 h after lentivirus infection, cells were treated with puromycin at 2 mg/ml for 4 d.
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) was done essentially as described previously (17, 41) . In brief, BMDCs were initially treated with 1% formaldehyde for 10 min to ensure cross-linkage followed by cell and nuclear lysis (50 mM Tris, pH 8.1, 10 mM EDTA, 1% SDS, 0.5 mM PMSF) and shearing. Immunoprecipitated chromatin was collected and washed sequentially with TSE buffer (20 mM Tris, pH 8.1, 50 mM NaCl, 2 mM EDTA, 0.1% SDS, 1.0% Triton X-100) and LiCl buffer (100 mM Tris, pH 8.1, 50 mM LiCl, 1% Nonidet P-40,1% sodium deoxycholic acid, 1 mM EDTA). DNA was then eluted with 50 mM NaHCO 3 containing 1% SDS from the protein A/G beads (Santa Cruz) and reverse cross-linked at 65˚C overnight followed by proteinase K treatment. DNA was then purified via phenol/chloroform extraction and ethanol precipitation. For each amplification, 3 ml DNA was analyzed by real-time qPCR. The amplification primers used are mCIITA p1 forward 59-CTG CAC CGG AAT GAG GAA AC-39; mCIITA p1 reverse 59-TGG AGT CGC CTC TCA TCC A-39; mCIITA p3 forward, 59-AGA GTC AGT GTT GCC TAC CA-39; and mCIITA p3 reverse 59-GAG TTT CAC CCA GAG TGT TG-39.
Statistical analysis
The p values were calculated with Student t test. The p values ,0.05 or ,0.01 were considered significant or very significant.
Results

TSC1 is not essential for DC development
To investigate whether TSC1 plays a role in BMDC maturation, we generated TSC1 conditional KO mice carrying the ER-Cre transgene (TSC1 f/f -ERCre, TSC1KO) (31). TSC1 was efficiently deleted in BMDCs after tamoxifen treatment (Fig. 1A) . Furthermore, TSC2 protein was severely decreased in TSC1KO BMDCs, which is consistent with the reported role of TSC1 on TSC2 stability in other cells (27, 31, 32) . Almost all in vitro differentiated TSC1 f/f (WT) and TSC1KO BMDCs were CD11c + and TSC1KO BMDCs expressed similar levels of CD11c to WT BMDCs (Fig. 1B) , suggesting that in vitro GM-CSF-mediated DC differentiation is not prevented by TSC1 deficiency. However, TSC1KO BMDCs expanded faster and were bigger in size than WT BMDCs during in vitro differentiation (Fig. 1C,  1D) . Together, these data demonstrated that TSC1 is not essential for DC differentiation but controls DC growth and expansion in vitro.
Increased TNF-a and IL6 but decreased IL12p40 production by TSC1-deficient BMDCs
To examine how absence of TSC1 may affect TLR-mediated innate immune responses in BMDCs, we first measured TLR-induced cytokine production. After LPS stimulation, TSC1KO BMDCs produced more TNF-a and IL-6 at both the protein and mRNA levels than WT BMDCs. In contrast, IL12p40 production was reduced in TSC1KO BMDCs (Fig. 1E) . To explore the mechanisms how TSC1 regulates TLR-induced cytokine production, we compared TLR signaling between WT and TSC1KO BMDCs. LPSinduced phosphorylation of IkBa, JNK1/2, and Erk1/2 was increased in TSC1KO BMDCs as compared with WT BMDCs. However, p38 phosphorylation was similar between WT and TSC1KO BMDCs (Fig. 1F) . Phosphorylation of 4E-BP1 and p70S6K, an mTORC1-dependent event, was substantially increased in TSC1KO BMDCs. However, phosphorylation of Akt at S473, an mTORC2-mediated event, was decreased in TSC1KO BMDCs (Fig. 1F) . Thus, TSC1 deficiency leads to increased mTORC1 but decreased mTORC2 signaling in BMDCs. Treatment with rapamycin reduced TNF-a and IL-6 production by both WT and TSC1KO BMDCs (Fig. 1G) , suggesting that mTORC1 promotes production of these cytokines. However, rapamycin exerted minimal effect on IL-12p40 production in WT BMDCs and was not able to restore IL-12 production in TSC1KO BMDCs. It has been reported that rapamycin treatment increases IL-12p40 expression (21, 22, 42-44). The inability of rapamycin to restore IL-12p40 expression in TSC1KO BMDCs suggests that TSC1 may also promote IL-12p40 expression via mTORC1-independent mechanisms.
Selective defect of MHC-II expression in TSC1KO BMDCs during maturation
An important function of DCs is to shape adaptive immunity through Ag presentation and costimulation. During DC maturation after recognition of pathogen-associated pattern molecules, DCs upregulate MHC-I and -II for effective presentation of foreign Ags to T cells, as well as CD80 and CD86, for providing costimulation to ensure full T cell activation. TSC1KO BMDCs expressed similar levels of CD80, CD86, and MHC-I compared with WT BMDCs before and after LPS stimulation. Surprisingly, cell-surface MHC-II expression on TSC1KO BMDCs was greatly decreased before and after LPS stimulation as compared with WT BMDCs (Fig. 2A) . Furthermore, intracellular MHC-II but not MHC-I levels in TSC1KO BMDCs were similarly decreased, indicating an overall decrease of MHC-II expression in TSC1KO BMDCs that is not due to impaired translocation of MHC-II to the cell surface (Fig. 2B) . In WT BMDCs, MHC-IIa-and b-chain mRNAs were expressed at high levels before LPS stimulation, further upregulated 3 h after LPS stimulation, and then downregulated after prolonged LPS stimulation. In TSC1KO BMDCs, both mRNAs were expressed at much lower levels than WT BMDCs. Thus, TSC1 deficiency causes decreased MHC-II expression at least at the transcriptional level (Fig. 2C) . To further establish the relevance of TSC1 and MHC-II expression in DCs in vivo, we generated and analyzed TSC1 f/f -CD11cCre mice. As shown in Fig. 2D , MHC-II but not CD80 or CD86 expression in CD11c + DCs from TSC1 f/f -CD11cCre mice was also reduced. In addition to DCs, B cells and macrophages also express MHC-II and can present Ags to activate T cells. Neither TSC1-deficient B cells isolated from tamoxifen-treated TSC1 f/f -ERCre mice nor TSC1KO BM-derived macrophages displayed decreased MHC-II mRNA or cell-surface protein expression. Moreover, IRF4 and CIITA mRNA levels in TSC1KO B cells and macrophages were not decreased as compared with WT controls (Supplemental Fig. 1 ). Together, these data suggest that TSC1 is selectively required for MHC-II expression in DCs.
Impaired capacity of TSC1KO BMDCs to activate CD4 + T cells TSC1-deficient BMDCs express increased costimulatory molecules but decreased MHC-II, prompting us to explore how TSC1 deficiency may affect DC function as APCs to activate T cells. In vitro, TSC1KO DCs, pretreated with LPS plus OVA 323-339 overnight, failed to induce MHC-II-restricted OVA 323-339 -specific CD4 + OTII T cells to upregulate CD69 or CD25, markers for early T cell activation (Fig. 3A) . In contrast, WT BMDCs potently induced CD69 and CD25 upregulation in OTII T cells in an OVA 323-339 -dependent manner. Consistent with a defect in inducing early T cell activation, TSC1KO BMDCs loaded with OVA 323-339 were unable to induce OTII T cell proliferation in a CFSE dilution assay (Fig. 3B) .
To determine whether TSC1KO BMDCs are also compromised to activate T cells in vivo, we transferred CFSE-labeled Thy1. (Fig. 3C ) proliferated vigorously. Different
TSC1
f/f -ERCre BMDCs without tamoxifen treatment (Supplemental Fig. 2 ), further supporting that the phenotypes in TSC1KO BMDCs are dependent on deletion of TSC1. Together, these data demonstrated that TSC1 expression in DCs is critical for DCs to fulfill their function to trigger CD4 T cell activation.
Critical role of TSC1 for CIITA transcription to promote MHC-II expression in BMDCs
To explore mechanisms by which TSC1 promotes MHC-II expression in BMDCs, we first examined CIITA expression because of its essential role in MHC-II transcription (45, 46) . In WT BMDCs, CIITA mRNA and protein levels were drastically decreased 3 and 6 h after LPS stimulation, respectively. In TSC1KO BMDCs, both CIITA mRNA and protein levels were substantially decreased as compared with WT controls before LPS stimulation (Fig. 4A, 4B) . Retroviral transduction of CIITA into BMDCs not only increased MHC-II expression in WT BMDCs, but also restored MHC-II expression in TSC1KO BMDCs to WT levels for both protein and mRNA (Fig. 4C, 4D) . Together, these data suggest that decreased CIITA transcription contributes to defective MHC-II expression in TSC1KO BMDCs.
TSC1 promotes CIITA-MHC-II expression through IRF4
A recent study has revealed that IRF4 and IRF8 are important for MHC-II expression in splenic and BMDCs (47) , and can associate with the CIITA promoter (17) . However, a direct role of IRF4 in activating CIITA-MHC-II in DCs has not been demonstrated. Both IRF4 mRNA transcript and protein were severely reduced in TSC1KO BMDCs (Fig. 5A , 5B). Retroviral transduction of IRF4 into TSC1KO BMDCs considerably increased CIITA mRNA levels, as well as MHC-IIa and b mRNA levels (Fig. 5C) . Moreover, IRF4 transduced (GFP + ) TSC1KO BMDCs expressed much higher levels of MHC-II protein on cell surface than untransduced GFP 2 cells (Fig. 5D) . Different from IRF4, IRF8 protein levels were not decreased in TSC1KO BMDCs (Fig. 5B) . Furthermore, retroviral transduction of IRF8 into TSC1KO BMDCs failed to rescue MHC-II expression in these cells (Fig. 5E ). Together, these data suggest that TSC1 promotes the expression of IRF4, which, in turn, plays a critical role for CIITA and MHC-II expression.
IRF4 binds to CIITA promoters to control CIITA expression
Because expression of IRF4 increased both CIITA and MHC-II expression in TSC1KO DCs, we sought to determine whether IRF4 directly activates CIITA transcription. In mouse, CIITA transcription is controlled by several promoters, pI, pIII, and pIV. DCs mainly use pI and, to a lesser degree, pIII (48) (Fig. 6A) . Measurement of CIITA transcripts derived from these promoters by qRT-PCR showed a dramatic decrease of pI-specific CIITA transcript and a slight decrease of pIII-specific CIITA transcript in TSC1KO BMDCs compared with WT BMDCs (Fig. 6B) . Using ChIP with anti-IRF4 Ab, we were able to detect association of IRF4 to both CIITA pI and pIII promoters in WT BMDCs. However, such association was reduced in TSC1KO BMDCs (Fig. 6C) , which is consistent with the drastic decrease of IRF4 protein in these cells. Transduction of WT BMDCs with IRF4 resulted in 5-and 2-fold increases of pI and pIII transcripts, respectively. In TSC1KO BMDCs, both transcripts were also increased after IRF4 transduction (Fig. 6D) . However, IRF4 did not increase transcription from pIV in either WT or TSC1KO BMDCs. These results, together with those in Fig. 5 , demonstrate that IRF4 binds to both pI and pIII of CIITA to promote CIITA transcription, and that TSC1 regulates CIITA-MHC-II expression at least partially via maintaining IRF4 expression in DCs.
Critical role of mTORC1 signaling for CIITA-MHC-II silencing during DC maturation
As shown in Fig. 1, mTORC1 signaling was enhanced, but mTORC2 signaling was decreased in TSC1KO DCs. To determine whether enhanced mTORC1 activity leads to defective CIITA-MHC-II expression in TSC1KO BMDCs, we used shRNA to knock down raptor, an essential component of the mTORC1 complex, in both WT and TSC1KO BMDCs. Western blot analysis showed substantial reduction of raptor protein in WT and TSC1KO BMDCs expressing shRaptor, but not a scrambled shRNA control (Fig. 7A) . In WT BMDCs with shRaptor, cellsurface MHC-II expression was increased; the increase of MHC-II expression in TSC1KO BMDCs with shRaptor was much more drastic than in WT BMDCs (Fig. 7B) . Compared with scrambled control shRNA, shRaptor increased IRF4 mRNA ∼2-fold and CIITA mRNA ∼10-fold in WT BMDCs. It also increased IRF4 and CIITA expression in TSC1KO BMDCs to levels close to WT BMDCs with the control shRNA (Fig. 7C ). These observations indicate that TSC1 promotes IRF4-CIITA-MHC-II expression by inhibiting mTORC1.
TLR-induced DC maturation is accompanied by rapid silencing of CIITA and MHC-II transcription. To test whether mTORC1 plays a role in CIITA and MHC-II silencing, we treated WT BMDCs with LPS in the presence or absence of rapamycin. In immature DCs, MHC-IIa and b, as well as CIITA and IRF4, are actively transcribed. Six hours after LPS stimulation, CIITA, MHCa, and MHCb mRNA were drastically decreased, accompanied by a modest decrease of IRF4 mRNA (Fig. 7D) . Rapamycin treatment by itself did not obviously alter MHC-IIa and b mRNA levels but increased CIITA and IRF4 mRNA levels. Addition of rapamycin during LPS stimulation resulted in 2-to 3-fold increase of CIITA and IRF4 mRNA, and, importantly, MHC-IIa and b mRNA remained at high levels similar to unstimulated immature DCs (Fig.  7D ). These data suggest that mTORC1 activity is critical for TLRinduced silencing of CIITA and MHC-II during DC maturation.
Discussion
After recognition of pathogen pattern molecules, immature DCs undergo an irreversible maturation process that is characterized by upregulation of cell-surface MHC-II and costimulatory molecules, and production of a variety of cytokines to induce effective and appropriate adaptive immune responses to control infection (49) . Paradoxically, MHC-II and CIITA transcription is rapidly silenced during DC maturation and involves loss of histone acetylation across the gene locus and specific binding of positive regulatory domain 1 to the promoters (16, 17) . However, the signaling mechanisms that lead to CIITA/MHC-II silencing have been unclear. In this study, we have revealed a novel function of mTORC1 in DCs for CIITA-MHC-II silencing during DC maturation and demonstrated that TSC1 is a critical regulator that controls multiple DC functions via modulating mTOR signaling.
In TSC1-deficient DCs, LPS-induced mTORC1 signaling is enhanced, but mTORC2 signaling is decreased, indicating the TSC1 differentially controls mTORC1 and mTORC2 signaling in DCs. These observations are consistent with the role of TSC1 in macrophages, as well as several other immune cell lineages such as T cells and mast cells (27-29, 31, 32) . In addition to controlling mTOR signaling, TSC1 also regulates several other signaling events in DCs. TLR4-induced Erk1/2, JNK1/2, and IKK-NF-kB activation is enhanced in TSC1-deficient DCs. Because Erk1/2, JNK1/2, and IKKs are activated through different signal cascades downstream of TLR4, the data suggest that TSC1 may be involved in negative control of proximal TLR signaling. It has been reported that FoxO1 promotes TLR4 signaling, and its phosphorylation by Akt after TLR4 stimulation represents a negative feedback mechanism to prevent uncontrolled inflammatory responses (50) . A potential mechanism is that the decreased mTORC2/Akt activity in TSC1KO DCs may result in elevated FoxO1 activity, leading to enhanced TLR4 signaling and activation of these downstream enzymes, as well as increased cytokine production. The ability of TSC1 to control multiple signaling events is consistent with our data showing that inhibition of mTORC1 with rapamycin is not able to fully restore normal cytokine production in TSC1-deficient BMDCs, suggesting that either mTORC2-or mTOR-independent mechanisms are involved. Further studies are needed to illustrate the mechanisms by which TSC1 regulates these canonical TLR signaling events.
One of the striking findings in our study is that TSC1/mTOR control CIITA-MHC-II expression. We have revealed that TSC1-deficient DCs express low levels of CIITA and MHC-II without obvious defects in upregulation of CD80/86 and MHC-I. The impaired CIITA-MHC-II expression in TSC1KO DCs is at least partially caused by enhanced mTORC1 signaling in these cells because knocking down raptor expression in TSC1KO DCs almost restores CIITA-MHC-II expression to WT levels. The inhibitory effects of mTORC1 for CIITA-MHC-II expression can also be observed in WT DCs as raptor knockdown in these cells upregulates CIITA-MHC-II expression. Furthermore, acute treatment of WT DCs with rapamycin prevents TLR4-induced CIITA-MHC-II silencing during DC maturation. Because rapamycin treatment only slightly increased IRF4 expression, this suggests that mTORC1 may also suppress CIITA-MHC-II expression through IRF4-independent mechanisms or that rapamycin-resistant functions of mTORC1 may regulate IRF4 expression in DCs. Of note, Erk1/2 have been previously found to be involved in CIITA-MHC-II silencing (51) . In addition, Erk1/2 promotes mTOR signaling in T cells (40) . The elevated Erk1/2 activity in TSC1KO DCs may also contribute to downregulation of MHC-II expression in these cells. CIITA expression is controlled by different promoters in different cell lineages. In cDCs and macrophages, CIITA is transcribed primarily from pI and to a lesser extent from pIII. In B cells and pDCs, CIITA is mainly transcribed from pII and is critical. pIV is mainly responsible for IFN-g-induced CIITA transcription in nonhematopoietic cells (16, 48) . PU.1, IRF8, NF-kB, and Sp1 bind to pI to promote CIITA expression, whereas Blimp1 inhibits CIITA transcription (17) . It has also been noted that IRF4-deficient DCs expressed low levels of MHC-II, and both pI and pIII CIITA transcripts are undetectable in these cells (52) . However, how IRF4 promotes MHC-II expression has been unclear. Our data indicate that IRF4 binds to pI and pIII, but not pIV of CIITA, and overexpression of IRF4 upregulates pI-and pIII-specific CIITA transcription in WT DCs, indicating that IRF4 directly activates CIITA transcription via pI and pIII promoters. Furthermore, our study identified TSC1 as a regulator critical for IRF4 expression in DCs. Future studies should determine how TSC1 promotes IRF4 expression and how decreased IRF4 expression in TSC1-deficient DCs may contribute to other phenotypic and functional abnormalities in these cells.
In addition to regulating DC maturation, we have recently demonstrated that TSC1 also plays critical roles in macrophages (31) . In both macrophages and DCs, TSC1 inhibits TLR-induced IL-6 and TNF-a production, promoting mTORC1 but inhibiting mTORC2, and negatively controls JNK1/2 activation. However, TSC1 also plays differential roles in macrophages and DCs. TSC1 inhibits Erk1/2 and NF-kB activation but is critical for IRF4-CIITA-MHC expression in DCs, but not in macrophages. In addition, TSC1 plays both positive and negative roles in TLR4-induced IL12p40 expression in DCs and macrophages, respectively. Although the mechanisms underlying differential roles of TSC1 between these two types of closely related innate immune cell lineages are unclear at present, our data suggest cell-type-specific or contextdependent function of TSC1-mTOR signaling, which may explain the differences regarding the role of mTOR in innate immunity among different reports (22, 23, 42, 44, 53, 54) . Moreover, the different roles of TSC1 among different cell types also raise concern over targeting mTOR signaling for therapeutic purposes. Additional in-depth understanding of mTOR signaling in different cell lineages is needed before manipulating mTOR signaling in the innate immune cells for treatment of immune-related diseases.
In summary, our data suggest that TSC1 performs both positive and negative roles during DC maturation. On one hand, it inhibits the production of certain inflammatory cytokines such as IL-6 and IFN-a, and the upregulation of costimulatory molecules. On the other hand, it promotes IL-12 production and is essential for activation of IRF4-CIITA-MHCII transcription. Our data also reveal that mTORC1 is critical for CIITA-MHC-II silencing during DC maturation, and that TSC1 modulates DC function at least partially by inhibiting mTORC1 function.
